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Introduction
Halogen (fluorine, chlorine, bromine, iodine)-containing volatile organic compounds play an important role in tropospheric (Vogt et al., 1999; von Glasow et al., 2004) and stratospheric chemical cycles (Solomon et al., 1994; Salawitch et al., 2005) . The ocean is the largest source of natural bromine-and iodine-containing halocarbons (Quack and Wallace, 2003; Butler et al., 2007; Montzka and Reimann, 2011) . When emitted into the atmosphere, these compounds, comprising mainly very short-lived species (VSLS) having an atmospheric lifetime of less than 0.5 yr, contribute to the pool of reactive halogen compounds via photochemical destruction and reaction with hydroxyl radicals (von Glasow, 2008) . Deep convection, especially in the tropics, can transport VSLS above the tropical tropopause layer (Aschmann et al., 2009; Tegtmeier et al., 2012 Tegtmeier et al., , 2013 and into the stratosphere, where they influence stratospheric ozone destruction (Salawitch et al., 2005; Sinnhuber et al., 2009 ). Reactive bromine and iodine are more efficient in destroying stratospheric ozone than chlorine (e.g. Chipperfield and Pyle, 1998) .
The absence of global emission maps of VSLS as input for chemistry transport models and coupled chemistry climate models is a key problem for determining their role in stratospheric ozone depletion. The most widely reported shortlived halogenated compounds containing bromine in both the atmosphere and the ocean are bromoform (CHBr 3 ) and dibromomethane (CH 2 Br 2 ). Together, they may contribute ∼ 15-40 % to stratospheric bromine (Montzka and Reimann, 2011) , with CHBr 3 considered to be the largest single source of organic bromine (Penkett et al., 1985) to the atmosphere. Its production involves marine organisms such as macroalgae and phytoplankton (Gschwend et al., 1985; Nightingale et al., 1995; Carpenter and Liss, 2000; Quack et al., 2004) . CH 2 Br 2 is formed in parallel with biological production of CHBr 3 in seawater (Manley et al., 1992; Tokarczyk and Moore, 1994) and, therefore, generally correlates with oceanic and atmospheric bromoform (e.g. Yokouchi et al., 2005; O'Brien et al., 2009 ), although it occasionally shows a different pattern in the deeper ocean indicating its different cycling in the marine environment (Quack et al., 2007) . Large variability in the CH 2 Br 2 : CHBr 3 ratio has been observed in sea water and atmosphere, while elevated concentrations of both compounds in air and water are found in coastal regions, close to macroalgae and around islands, as well as in oceanic upwelling areas (Yokouchi et al., 1997 (Yokouchi et al., , 2005 Carpenter and Liss, 2000; Quack and Wallace, 2003; Quack et al., 2007) . Seasonal variations have been observed in coastal regions (Archer et al., 2007; Orlikowska and Schulz-Bull, 2009) , however the database is insufficient to resolve a global temporal dependence. Anthropogenic sources, such as water chlorination, are locally significant, but relatively small on a global scale (Quack and Wallace, 2003) . There is uncertainty in the magnitude of the global emission flux, and the formation processes are poorly known. Recent studies have revealed a missing source of ∼ 5 pptv inorganic bromine in the stratosphere, which could possibly be explained by the contribution of oceanic VSLS (Sturges et al., 2000; Sinnhuber and Folkins, 2006; Dorf et al., 2008) .
Atmospheric modelling studies have derived top-down global estimates of between 5.4 and 7 Gmol Br yr −1 for bromoform and between 0.7 and 1.4 Gmol Br yr −1 for dibromomethane using different atmospheric transport models (Warwick et al., 2006; Kerkweg et al., 2008; Ordonez et al., 2012) . Global bottom-up emission estimates based on the interpolation of surface atmospheric and oceanic measurements have yielded emission estimates of between 2.8 and 10.3 Gmol Br yr −1 for CHBr 3 and between 0.8 and 3.5 Gmol Br yr −1 for CH 2 Br 2 (Carpenter and Liss, 2000; Yokouchi et al., 2005; Quack and Wallace, 2003; Butler et al., 2007) . Additionally, a parameterization for oceanic bromoform concentrations covered by a homogenous atmosphere estimates a flux of 1.45 Gmol yr −1 for CHBr 3 between 30 • N and 30 • S (Palmer and Reason, 2009 ). Methyl iodide is mainly emitted from the ocean and is characterized as a dominant gaseous organic iodine species in the troposphere (Carpenter, 2003; Yokouchi et al., 2008) . This compound is involved in important natural iodine cycles, in several atmospheric processes such as the formation of marine aerosol (McFiggans et al., 2000) , and has been suggested to contribute to stratospheric ozone depletion in case it reaches the stratosphere through deep convection (Solomon et al., 1994) . Current model results of Tegtmeier et al. (2013) suggest an overall contribution of 0.04 ppt CH 3 I mixing ratios at the cold point and a localized mixing ratio of 0.5 ppt. Enhanced oceanic concentrations of CH 3 I are found in coastal areas where marine macroalgae have been identified as the dominant coastal CH 3 I source (e.g. Dastoor, 1988, 1992; Manley and dela Cuesta, 1997; Laturnus et al., 1998; Bondu et al., 2008) . Phytoplankton, bacteria and non-biological pathways, such as photochemical degradation of dissolved organic carbon, are significant open ocean sources (Happell and Wallace, 1996; Amachi et al., 2001; Richter and Wallace, 2004; Hughes et al., 2011) . Terrestrial sources, such as rice paddies and biomass burning, are suggested to contribute 30 % to the total atmospheric CH 3 I budget (Bell et al., 2002) . Modelling studies and data interpolation estimate global CH 3 I emissions between 2.4 and 4.3 Gmol I yr −1 (Bell et al., 2002; Butler et al., 2007; Ordonez et al., 2012) . Smythe-Wright et al. (2006) extrapolated a laboratory culture experiment with Prochlorococcus marinus (kind of picoplankton) to a global CH 3 I emission estimate of 4.2 Gmol I yr −1 , whereas the study of Brownell et al. (2010) disputed the result of Smythe-Wright et al. (2006) and suggests that P. marinus is not significant on a global scale.
This study presents the first global 1 • × 1 • climatological concentration and emission maps for the three important VSLS bromoform, dibromomethane and methyl iodide based on atmospheric and oceanic surface measurements available from the HalOcAt (Halocarbons in the Ocean and Atmosphere) database project (https://halocat.geomar.de/). According to current knowledge of the compounds' distributions and possible sources, we classify the data based on physical and biogeochemical characteristics of the ocean and atmosphere. The interpolation of the missing values onto the 1 • × 1 • grid with two different regression techniques is analysed. Based on the generated marine and atmospheric surface concentration maps, global climatological emissions are calculated with a commonly used sea-to-air flux parameterization applying temporally highly resolved wind speed, sea surface temperature, salinity and pressure data. The results are compared to estimates of other studies, and the temporal and spatial variability of the climatological sea-to-air flux are discussed. The aim of this study is to provide improved global sea-to-air flux maps based on in situ measurements and on known physical and biogeochemical characteristics of the ocean and atmosphere in order to reduce the uncertainties in modelling the contribution of VSLS to the stratospheric halogen budget Hossaini et al., 2013; Tegtmeier et al., 2013) .
Data
In this study, CHBr 3 , CH 2 Br 2 and CH 3 I data are extracted from the HalOcAt database (https://halocat.geomar.de/, see Supplement for a list of all data). The database currently contains about 200 contributions, comprising roughly 55 400 oceanic and 476 000 atmospheric measurements from a range of oceanic depths and atmospheric heights of 19 different halocarbon compounds (mainly very short-lived brominated and iodinated trace gases) from 1989 to 2011. The dataset mainly consists of data from coastal stations, ship operations and aircraft campaigns. The individual datasets are provided by the dataset creators. Since the compound distribution is too variable and the current data are too sparse to identify a robust criterion for quality check and data selection, no overall quality and intercalibration control on the database exists. Future work is planned to use common standards and perform laboratory intercalibrations (Butler et al., 2010; Jones et al., 2011) . Thus, we use all available surface ocean values to a maximum depth of 10 m (5300 data points) and atmospheric values to a maximum height of 20 m (4200 data points) from January 1989 until August 2011 (Fig. 1) for the calculation of the climatological concentrations. For sea-to-air flux calculations (see Sect. 3.5), 6-hourly means of wind speed (U ), sea level pressure (SLP) and sea surface temperature (SST) are extracted from the ERA-Interim meteorological assimilation database (Dee et al., 2011) for the years 1989-2011 (1 • × 1 • ), whereas salinity (SSS) is taken from the World Ocean Atlas 2009 (Antonov et al., 2010) .
Methodology

Approach
The high variability of VSLS (especially for CHBr 3 ) in both ocean and atmosphere is not explicable with any correlation to common parameterizations. Production pathways with associated production rates and reliable proxies for the compounds' distributions are not available. We tested correlations, multiple linear regressions and polynomial fits with biological and physical parameters (e.g. chlorophyll a, SST, Tables S1 and S2 in the Supplement). Gridding the data and inserting missing values is described in the following section. Dibromomethane has been reported to have similar source regions as CHBr 3 , (Yokouchi et al., 2005; O'Brien et al., 2009) , while methyl iodide is reported to also have coastal, planktonic and photochemical sources (Hughes et al., 2011; Moore et al., 1994; Richter and Wallace, 2004) . Both compounds are also tight to unrevealed direct or indirect biological processes. Thus, we divide the CH 2 Br 2 and CH 3 I data between the regions in the same way as we have classified the CHBr 3 data. The data density for dibromomethane and methyl iodide is equivalent to that of bromoform ( Fig. 1 ).
Objective mapping
The original, irregular measurements from the HalOcAt database are transferred to a uniform global 1 • × 1 • grid using a Gaussian interpolation. Based on this technique the value at each grid point is calculated with the measurements located in a defined Gaussian range. The Gaussian bell radius is 3 • for the surface open ocean water and atmosphere data and 1 • for the coast and shelf region. The wider radius for the open ocean regimes are caused by the higher homogeneity of the data in this region. This kind of interpolation takes the spatial variance of the measurements into account. The smaller the distance between a given data point and the grid point, the greater is its weighting in the grid point calculation (Daley, 1991) (see Supplement for a list of all calculated atmospheric and oceanic grid points based on objective mapping). For grid points where no measurements are available within the Gaussian bell area, no concentration data can be calculated directly and a linear regression needs to be applied.
Linear regression
Data gaps on the 1 • × 1 • grid are filled based on a multiple linear regression technique using the original dataset, applying the functional relationship between latitude and longitude as predictor variables, x 1 and x 2 , and compound concentration as the response variable, y (Fig. 2 , for specific details see Sect. 3.5).
The regression coefficients for each defined oceanic and atmospheric region are given in Tables S1 and S2 in the Supplement. For regions where the spatial coverage of the data is extremely poor, a first order regression based on the latitude variable only is used. For regions without data or in case the interpolation does not produce reasonable results (e.g. concentrations calculated with the regression are negative), the linear regression of neighbouring open ocean regions of the same latitudinal band is used to fill the data gaps, assuming similar physical and biogeochemical conditions. For example, no data exist for the tropical Indian Ocean (0-5 • N), thus, open ocean data from the tropical Atlantic and Pacific (0-5 • N) are used to determine the missing values. Since data coverage in coastal and shelf regions is low, the regression coefficients are calculated over each entire hemisphere. Additionally, we apply the root mean square error (RMSE), calculated as the difference between the predicted values and the observed data, as a measure of accuracy. A small RMSE reflects a low bias and variance of the predicted values, with zero indicating that the regression techniques predict the observations perfectly. 
Robust fit vs. ordinary least squares
In our study, two different regression techniques are applied. The ordinary least squares (OLS) technique contains the least squares method. This means that the sum of squared deviations between the empirical y values in the dataset and the predicted linear approximation is minimized.
The second method for calculating regression coefficients is the robust fit (RF) technique which is especially used for not normally distributed values. A regression analysis is robust if it is not sensitive to outliers. The calculation of the robust coefficients is based on the iteratively reweighted least squares process. In the first iteration each data point has equal weight and the model coefficients are estimated using ordinary least squares. In the following iterations, the weighting of the data points is recalculated so that the distant data points from the model regression from the previous iteration are given lower weight. This process continues until the model coefficients are within a predefined range. Our calculations are based on the most common general method of robust regression, the "M-estimation" introduced by Huber (1964) .
Both regression methods are shown in Fig [Gmol Br yr Fig. 3 . The percentage change of the global oceanic emission for bromoform (a), dibromomethane (b), both in Gmol Br yr −1 , and methyl iodide (c), in Gmol I yr −1 , based on individual input parameters: wind speed (blue), sea surface temperature (magenta), sea surface salinity (red) and sea level pressure (black). The input parameters are individually increased and decreased by their multiple standard deviations (−3σ to 3σ ) while the other input parameters remain fixed (µ presents the oceanic emission using the mean input parameters).
trends. The reason for the large deviation between the RF and OLS regression is the different weighting of outliers. Outliers crucially influence the value of the OLS slope, whereas the RF regression is located at the largest data density and reduces the influence of outliers. While the RF captures background values, the OLS technique indicates the variability of the data. Based on the obtained concentration maps, global fluxes are calculated and compared to literature values (see Supplement for a list of all calculated atmospheric and oceanic grid points based on linear regression and objective mapping as well as on linear regression only).
Air-sea gas exchange and input parameters
Fluxes (F in pmol cm h −1 ) across the sea-air interface are generally calculated as the product of the sea-to-air concentration difference and a gas exchange velocity. The partitioning of a gas between the water and gas phase is described by the dimensionless Henry's law constant (H ) which highly depends on temperature and the molecular structure of the species. For our calculations, the Henry's law constants of Moore et al. (1995a, b) are used. The atmospheric mixing ratios (C m in ppt) are converted to equilibrium water concentrations (C a in pmol L −1 ) and the deviation from the actual measured water concentration (C w in pmol L −1 ) describes the driving concentration gradient. The sea-to-air flux is negative if the transport is from the atmosphere to the ocean. 
Several parameterizations for the air-sea gas exchange exist in the literature, which express the relationship between the gas exchange velocity (k in cm h −1 ) and wind speed (e.g. Liss and Merlivat, 1986; Wanninkhof, 1992; Wanninkhof and McGillis, 1999; Nightingale et al., 2000) . Experiments have shown that the dominant parameter influencing k is the wind speed. We chose to calculate the transfer coefficients based on the parameterization from Nightingale et al. (2000) with corrections for the water temperature and a Schmidt number (Sc) dependence for each gas (Quack and Wallace, 2003; Johnson, 2010) .
The dimensionless Schmidt number is the ratio of the diffusion coefficient of the compound (D in cm 2 s −1 ) of interest and the kinematic viscosity (ν in cm 2 s −1 ) of sea water, and depends mainly on the temperature and the salinity. The diffusion coefficients for the compounds were calculated according to Quack and Wallace (2003) . The gas exchange velocity and concentration gradient are dependent on SST, SSS, U and SLP as input parameters. During the initial stages of this study, we used climatological mean values of the input parameters for our calculation of the global climatological emission estimates. A sensitivity study demonstrates how changes in the input parameters (climatological means) affect the global flux calculation for bromoform, dibromomethane and methyl iodide (Fig. 3) . Each input parameter is individually increased and decreased by their multiple standard deviations (−3σ to 3σ ) while the other input parameters remain fixed. The standard deviations are calculated for every grid point for the years 1989-2011. This study shows the importance of each input parameter for the flux variance. Sea surface salinity and sea level pressure affects the VSLS emission calculations least compared with the other parameters (Fig. 3) . Changes in wind speed and sea surface temperature have strong influences on the bromoform sea-to-air flux. In general, a reduction/enhancement of the wind speed is directly accompanied by a decrease/increase in air-sea gas exchange coefficients, and higher/lower sea surface temperature leads to an increase/decrease of the concentration gradients as well as the air-sea gas exchange coefficients (Schmidt number).
The dependencies of the global dibromomethane emission variability on the individual input parameters are the same as described for bromoform. The global methyl iodide emissions are mainly influenced by variations of the wind speed, while the other parameters have less effect. The sensitivity study shows that marginal changes of the input parameters can lead to a significant variation of the global flux estimate.
Averaging over a long time period when producing climatological means involves smoothing extreme values, which is especially relevant for the wind speed (Bates and Merlivat, 2001 ). Since the air-sea gas exchange coefficient has a non-linear dependence on wind speed, the application of averaged data fields causes a bias towards a lower flux when compared to using instantaneous winds and averaging the emission maps afterwards (Chapman et al., 2002; Kettle and Merchant, 2005) . To reduce the bias, we apply the highest available temporal resolution of the input parameters and calculate 6-hourly global emissions with 6-hourly means of U , SST, SLP and monthly means for the SSS (from January 1989 to December 2011). Finally, we sum the emissions for each month, calculate monthly average emissions over the twenty-one years and summarise these twelve averages to obtain the climatological annual emission.
Results and discussion
Marine (pmol L −1 ) and atmospheric (ppt) global surface concentration maps of bromoform, dibromomethane and methyl iodide calculated with the RF regression are shown in Fig. 4 (surface ocean concentrations and mixing ratios calculated with the OLS technique are illustrated in the Supplement). Based on the RF and OLS marine and atmospheric concentration maps, global sea-to-air flux climatologies are calculated (Fig. 5) .
Climatological concentration maps of CHBr 3 and CH 2 Br 2
Marine surface concentrations of bromoform (Fig. 4) are higher in the equatorial region (∼ 6 pmol L −1 ), upwelling areas (e.g. the Mauritanian upwelling region ∼ 21 pmol L −1 ), near coastal areas (∼ 17-42 pmol L −1 ) and in shelf regions (∼ 8-32 pmol L −1 ), consistent with macroalgal and anthropogenic sources along the coast lines as well as biological sources in upwelling areas (Carpenter and Liss, 2000; Quack and Wallace, 2003; Yokouchi et al., 2005; Quack et al., 2007; Liu et al., 2011) . Estimating global concentration maps based on an identified linear relationship is difficult in regions with sparse or missing data (e.g. Indian Ocean). Atlantic and Pacific Ocean data must be used to fill the data gap in the Indian Ocean, since no measurements exist there. Thus, we expect similar concentrations as in the other oceans. One dataset is available for the northern Indian Ocean (Yamamoto et al., 2001 ). The few measurements of bromoform in the Bay of Bengal are unusually high (> 50 pmol L −1 ) for an open ocean area. We decided to not include these outliers in our analysis, since our method would possibly overestimate water concentrations in the entire northern Indian Ocean using these data. The high concentrations in the equatorial region (the product of the other two basins) are approximately collocated with the upwelling season during the northeast monsoon, indicating higher productivity (Schott et al., 2002) . The global ocean, and especially the Indian and Arctic, is data poor, and requires further sampling and evaluation to improve the predictions. Atmospheric surface mixing ratios of bromoform show similar distribution patterns. Higher atmospheric mixing ratios are located in the equatorial regions (1-3 ppt), around coastlines (∼ 1-10 ppt) and upwelling regions (10-17 ppt), as well as in the northern Atlantic (∼ 12-21 ppt), while lower mixing ratios are found above the subtropical gyres (∼ 0.2-0.8 ppt).
The global surface oceanic concentration map of dibromomethane shows similar patterns as bromoform. Enhanced oceanic surface concentrations are located around the equatorial region (∼ 6-9 pmol L −1 ), while low concentrations occur in the subtropical gyres (1-2 pmol L −1 ), similar to CHBr 3 in distribution, but with higher values. Dibromomethane concentrations in the coastal regions are significantly lower than those for bromoform. Distant from the coastal source regions CH 2 Br 2 is mostly elevated in the atmosphere relative to CHBr 3 , because it has a longer atmospheric lifetime than CHBr 3 (e.g. Brinckmann et al., 2012) (CH 2 Br 2 = 0.33 yr, CHBr 3 = 0.07 yr, (Warneck and Williams, 2012) .
Elevated marine dibromomethane concentrations are found in the Southern Ocean (4-6 pmol L −1 ). This area is characterized by several circumpolar currents separated by frontal systems, with seasonally varying ice coverage, and is known to experience enhanced biological production (Smith and Nelson, 1985) . Sea-ice retreat and the onset of microalgae blooms have been related to an increase in marine surface bromocarbon concentrations (Hughes et al., 2009 ). However, this strong increase of CH 2 Br 2 is currently not understood.
The climatological maps represent annual average values that may underestimate seasonal and short-term variations Fuhlbrügge et al., 2013) . These variations currently cannot be reflected in the model, since knowledge about production processes and the influence of environmental values on the concentrations is incomplete.
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Climatological concentration maps of CH 3 I
The same classification and interpolation technique used for the bromocarbons reveal elevated marine and atmospheric concentrations of methyl iodide (2-9 pmol L −1 , 0.3-1.5 ppt) in the subtropical gyre regions of both hemispheres (Fig. 4) . This is in contrast to the oceanic concentration maps of bromoform and dibromomethane, and is in agreement with reported production processes, such as photochemical oxidation of dissolved organic matter and iodide, as well as production from cyanobacteria (e.g. Richter and Wallace, 2004; Smythe-Wright et al., 2006) . Additionally, enhanced oceanic concentrations and atmospheric mixing ratios are found in the upwelling region off Mauritania and near the coastlines north of 40 • (∼ 9 pmol L −1 ). Here in the region of offshore trade winds and dust export, the atmospheric methyl iodide from the ocean may be supplemented by input from land sources (Sive et al., 2007) as elevated air concentrations have been noted to be associated with dust events (Williams et al., 2007) . The sharp concentration increase towards the coast, as observed for bromoform and dibromomethane, does not exist for methyl iodide. The open ocean concentrations are generally higher than the coastal values, except for the Northern Hemisphere. The elevated coastal oceanic concentrations might be due to the occurrence of macroalgae and anthropogenic land sources (e.g. Laturnus et al., 1998; Bondu et al., 2008) or to elevated levels of dissolved organic material (DOM) (e.g. Manley et al., 1992; Bell et al., 2002) . The polar regions show generally homogenous and low concentrations of methyl iodide (Antarctic: ∼ 0.3 ppt, ∼ 1.5 pmol L −1 ; Arctic: ∼ 1 ppt and ∼ 0.3 pmol L −1 ).
Climatological emission maps of CHBr 3 and CH 2 Br 2
Elevated bromoform fluxes from the ocean to the atmosphere are generally found close to coastlines, in equatorial and eastern boundary upwelling regions (e.g. the Mauritanian upwelling region) and a wide region of the southern Pacific (subtropical gyre). Very high sea-to-air fluxes (> 1500 pmol m −2 h −1 ) also occur in the Bay of Bengal, the Gulf of Mexico, the North Sea and the east coast of North America. While they cover 16 % of the world ocean area, the coastal and shelf regions, with their high biological productivity, have enhanced concentrations of bromoform and dibromomethane and account for 67/78(RF/OLS) % of total Br emission attributable to CHBr 3 and 22/24 % of that attributable to CH 2 Br 2 . Most of the open ocean appears almost in equilibrium with the atmosphere, especially in the subtropical gyre regions. A CHBr 3 flux from the atmosphere to the ocean is seen in the entire Southern Ocean, the northern part of the Pacific and in some parts of the North Atlantic (e.g. east of North America).
Our open ocean flux of CHBr 3 is about 25 % of the global sea-to-air flux estimate, which is in agreement with the 20 % calculated by Butler et al. (2007) and the 33 % of Quack and Wallace (2003) . This underlines that the coast and shelf regions play a significant role in the global bromoform budget. The tropics (20 • N to 20 • S, including open ocean, shelf and coastal area) represent the region with the highest bromoform emissions of 44/55 % (Table 3) . This is in agreement with the top-down approach of 55.6 % between 20 • N to 20 • S published by Ordonez et al. (2012) and of 37.7 % for 10 • N to 10 • S from Liang et al. (2010) . A decrease in the total emission towards the polar region is visible. Hence, the tropics are a "hot spot" for bromoform emissions.
Comparable with the sea-to-air fluxes based on the RF analysis, the emissions using the OLS method shows enhanced sea-to-air fluxes in the North Atlantic and all gyre regions, and an elevated sink in the Arctic region (Fig. 5 ). We estimate a global positive sea-to-air flux for CHBr 3 of ∼ 2.06 Gmol Br yr −1 (RF), ∼ 2.96 Gmol Br yr −1 (OLS); and a global sink, air-to-sea flux, for CHBr 3 of ∼ 0.56 Gmol Br yr −1 (RF), ∼ 0.47 Gmol Br yr −1 (OLS).
Differences between the distribution of source and sink regions and of CH 2 Br 2 emissions calculated with the RF and OLS regression are less pronounced than those of CHBr 3 (Fig. 5) . The Arctic Ocean acts mainly as a sink for atmospheric CH 2 Br 2 , most likely because of the low sea surface temperatures, low water concentrations and higher air concentrations. The Southern Ocean (south of 50 • S) acts as a source to the atmosphere. The OLS based emissions show an enhanced source region in the southern Pacific due to elevated marine surface concentrations. We estimate a positive global CH 2 Br 2 sea-to-air flux of ∼ 0.89 Gmol Br yr −1 (RF), ∼ 1.09 Gmol Br yr −1 (OLS); and an air-to-sea flux of ∼ 0.12 Gmol Br yr −1 (RF), ∼ 0.11 Gmol Br yr −1 (OLS).
Our total open ocean flux of 0.6-0.76 Gmol Br (CH 2 Br 2 ) yr −1 is in agreement with the estimates of ∼ 0.7 Gmol Br yr −1 given by Ko et al. (2003) and 0.6 Gmol Br yr −1 given by Butler et al. (2007) . The coast and shelf regions play a minor role for the global CH 2 Br 2 budget compared to the open ocean, which contributes ∼ 77 % Gmol Br yr −1 . The global emission distribution for CH 2 Br 2 and CHBr 3 is similar in the midlatitudes and the tropics. (Table 3) 
Climatological emission maps of CH 3 I
The global emissions of CH 3 I reveal an opposite pattern compared with CHBr 3 and CH 2 Br 2 (Fig. 5) . The main difference is the enhanced emission in the subtropical gyre regions. Equatorial upwelling regions, as well as the Arctic and Antarctic polar regions, are mostly in equilibrium. In comparison with CHBr 3 and CH 2 Br 2 , the global CH 3 I sea-to-air fluxes are generally positive, indicating the larger supersaturations of the oceanic waters. The OLS regression shows the North Atlantic to be a very strong source region for atmospheric methyl iodide. Coast and shelf regions transport only ∼ 13 % of I (CH 3 I) to the atmosphere. The open ocean contribution of 87 % is more than the estimate from Butler et al. (2007) of 50 % open ocean emissions of methyl iodide. Possibly, the subtropical gyre regions are more distinctive source areas in our climatology than in Butler et al. (2007) . The southern tropics and subtropics represent the regions with the highest emission strength, decreasing towards the polar areas (Table 3) . We calculate a global sea-to-air flux for CH 3 I of ∼ 1.24 Gmol I yr −1 (RF) and ∼ 1.45 Gmol I yr −1 (OLS).
Evaluation of RF and OLS results
All subtropical regions, and especially the equator, show a large temporal and spatial variability in the data, which is reflected in the enhanced RMSE parameter (Tables S1 and S2 in the Supplement). The wide concentration ranges might be caused by real variations between sampling in different seasons, where the seasonally varying strength and expansion of upwelling (equatorial and coastal) (Minas et al., 1982; Hagen et al., 2001 ) and solar flux may cause different concentrations of the compounds.
The evaluation of the two regression methods shows that RF is more representative of a climatology, since it is calculating a regression independently of outliers and weighted by the data distribution. In comparison, the OLS regression weights outliers, and, hence considers extreme data and variability more than the RF method (Fig. 2) . The global appearances of RF and OLS maps are not extremely different (see Supplement). Nevertheless, they introduce slight differences in the concentration gradients and in the sea-to-air flux climatologies.
The influence of the RF and the OLS regression for the global surface concentration distribution in atmosphere and ocean, which has consequences for the concentration gradient, is shown in Table 1 and Fig. 6 . In general, the OLS technique calculates higher mean and median values, including the enhanced concentrations and outliers. Additionally, bromoform shows higher variance compared with the other compounds in both techniques and reflects the high data variability between coastal and open ocean bromoform concentrations. Further, the calculated concentration gradient from the OLS method exhibits stronger source (emission into the atmosphere) and weaker sink regions compared with RF, which is again most pronounced for bromoform (Fig. 6) . The OLS and RF distribution (mean, median and standard deviation) for dibromomethane and methyl iodide are in closer agreement compared with bromoform. The reason for this smaller difference between RF and OLS is the occurrence of less extreme values in the concentration gradients for CH 2 Br 2 and CH 3 I compared with CHBr 3 . The global surface emissions of bromoform, dibromomethane and methyl iodide yield a similar spatial distribution with both techniques (Table 2 ).
Comparison of estimation methods
In the following section we compare our emission climatology with recently published estimates, including different calculation techniques (i.e. bottom-up and top-down approaches), as well as laboratory experiments (Table 6 ). The global bromoform emission estimates show the largest difference between the studies. Warwick et al. (2006) modelled surface mixing ratios using different emission scenarios and fitted them to the available atmospheric measurements. These scenarios applied different global emission estimates, e.g. the bottom-up estimate from Quack and Wallace (2003) . The course resolution of 2.8 • × 2.8 • used in the Warwick study does not well resolve the coastal areas, which are thought to be the main source for bromoform. In addition the applied uniform interpolations do not reflect the actual conditions. In the results of Warwick et al. (2006) , the coastlines further north and south of the tropics exhibit no enhanced atmospheric bromoform concentrations or emission to the atmosphere compared to the open ocean. This does not reflect the in situ measurements from the HalOcAt database. Based on local bromoform measurements in Southeast Asia, Pyle et al. (2011) reduced the emission estimate of Warwick et al. (2006) in this coastal area. This study shows the importance of local measurements for the improvement of global estimates. Other model studies based on the ideas of Warwick et al. (2006) , e.g. Kerkweg et al. (2008) , show the same underestimation of coastal emissions in the extra tropics. In contrast, Liang et al. (2010) consider all coastlines with enhanced emissions in their scenario; furthermore the finer classification of their emission scenario compared with Warwick et al. (2006) is Atmos. Chem. Phys., 13, 8915-8934, 2013 www.atmos-chem-phys.net/13/8915/2013/ similar to our study. Another comparable classification (latitudinal bands, higher emissions in coastal regions) is used in the model (top-down approach) by Ordonez et al. (2012) , who parameterized oceanic polybromomethanes emissions based on a chlorophyll a (chl a) dependent source in the tropical ocean (20 • N to 20 • S). We also see the occurrence of enhanced bromoform, as well as dibromomethane emissions in tropical upwelling regions and in coastal regions, although a direct correlation between chl a and the VSLS compounds is not apparent from the observations (Abrahamsson et al., 2004; Quack et al., 2007b) . Palmer and Reason (2009) developed a parameterization for CHBr 3 based on chl a (between 30 • N and 30 • S), including other parameters (mixed layer depth, sea surface temperature and salinity, wind speed). The correlation between his modelled values and observations is, with r 2 = 0.4, low, which reveals the deficiency of this method (and chl a).
In some studies local emission estimates are extrapolated to a global scale. Extrapolating near-shore emissions may significantly overestimate the global sea-to-air fluxes, since they generally include elevated coastal concentrations, which are not representative of the global ocean. Yokouchi et al. (2005) applied a coastal emission ratio of CHBr 3 /CH 2 Br 2 of 9, and a global emission of 0.76 Gmol Br yr −1 for CH 2 Br 2 to infer a global CHBr 3 flux estimate of 10.26 ± 3.88 Gmol Br yr −1 . O'Brien et al. (2009) followed the same method and extrapolated local near-shore measurements in the region surrounding Cape Verde to a global scale using an emission ratio of CHBr 3 /CH 2 Br 2 = 13. The global fluxes from these studies are nearly four times higher than those calculated in our study. However, since the emission ratios of CHBr 3 to CH 2 Br 2 are generally higher in coastal regions than in the other areas , the calculated global flux for CHBr 3 could be an overestimation. Butler et al. (2007) and Quack and Wallace (2003) interpolated oceanic and atmospheric in situ measurements for global emission estimates. Butler et al. (2007) subdivided the ocean into the main basins and calculated the fraction of each compound for each region as a percentage. Coastal areas were not considered. The extrapolation by Quack and Wallace (2003) contained most of the currently available Yokouchi et al. (2005) 10.26 bottom-up Warwick et al. (2006) 7.01 1.25 top-down Pyle et al. (2011) 4.78 1.25 top-down Quack and Wallace (2003) 10.01 bottom-up Smythe-Wright et al. (2006) 4.18 lab experiment Bell et al. (2002) 2.4 model study Ordonez et al. (2011) 6.67 0.84 2.39 top-down Kerkweg et al. (2008) 7 published measurements and used a finer area classification for shore, shelf and open ocean regions as well as for latitudinal bands. Both bottom-up approaches applied a coarse data interpolation compared to the classification and regression techniques used in this study and appear too high. We calculate a global CH 2 Br 2 sea-to-air flux of 0.77-0.98 Gmol Br yr −1 , which is also in the lower (0.71-3.5 Gmol Br yr −1 ) range of the other estimates (Table 4) , but is in much closer agreement compared to the other compounds. Reasons for the good agreement with recent studies could be the longer atmospheric lifetime of CH 2 Br 2 and the lower variance of sea water values which cause a more homogenous global distribution.
Some earlier emission estimations for CH 3 I (1.05-10.5 Gmol I yr −1 ) are given by Bell et al. (2002) , who produced the first seasonal model simulation of global oceanic and atmospheric CH 3 I surface concentrations. A low correlation between observations and modelled data was obtained (r = 0.4). The authors assumed a missing biological sink of CH 3 I in the ocean that would have reduced their computed concentrations to better match the observations. Sink and source mechanisms for the formation of CH 3 I are not fully understood, making it difficult to model CH 3 I emissions based on source and sink parameterizations. In our study a global sea-to-air flux of 1.24-1.45 Gmol I yr −1 is estimated, which is within the lower range of earlier studies (Table 4) . Our calculated climatology uses a larger dataset than the study of Bell et al. (2002) . Ordonez et al. (2012) calculate a global CH 3 I flux of the same magnitude as our study using a top-down approach with a modified global chemistry model that includes bromine and iodine chemistry. SmytheWright et al. (2006) calculated a global flux of iodine from Prochlorococcus marinus of ∼ 4.18 Gmol I yr −1 based on measurements from two cruises. The latter study assumes that this phytoplankton species is the major marine source of atmospheric CH 3 I. The assumption of Smythe-Wright et al. (2006) that the oceanic surface (< 40 • N and S) is covered with CH 3 I-producing picoplankton might overestimate the global CH 3 I sea-to-air flux. Calculations based on culture experiments from Brownell et al. (2010) demonstrate that Prochlorococcus marinus accounts only for 0.03 % of the global CH 3 I budget and is not a globally significant source of CH 3 I. Hughes et al. (2011) Richter and Wallace (2004) suggested a photochemical production pathway of CH 3 I in open ocean water which might also explain our surface distribution (enhanced emissions in the subtropical gyre regions). The comparison of our global sea-to-air fluxes with other global estimates reveals the greatest discrepancy for bromoform. We have shown that bromoform levels are the most variable in the ocean and atmosphere. Possibly, the underrepresentation of extreme values generates too small concentration gradients, which reduces our total emission estimate. Especially in coastal and shelf regions, the 1 • × 1 • grid resolution cannot resolve these extreme concentrations and very likely leads to underestimated emissions.
Variability of the climatological sea-to-air fluxes
We calculate global emission fields using fixed oceanic concentrations and atmospheric mixing ratios and the highest available temporal resolution of the input parameters over the time period 1989-2011: 6-hourly means of U , SST, SLP and monthly means for the SSS. The global emissions of every time step are averaged over each month and the average monthly emissions are summed to the annual climatological emission. The climatologies thus include annual, seasonal and short timescale temporal variability.
Variability of the concentration data
The calculated global 1 • × 1 • maps of oceanic concentrations and atmospheric mixing ratios include in situ measurements from 1989 to 2011, illustrating a climatological year and covering the entire globe. Seasonally changing conditions, e.g. light and water temperature or biological species composition, which have an influence on the variability of the air and water concentrations in certain areas (Archer et al., 2007; Orlikowska and Schulz-Bull, 2009 ), are not considered because of the generally poor temporal data coverage. Fitting the in situ measurements onto our 1 • × 1 • grid (by using objective mapping) leads on average to a reduction of the initial atmospheric mixing ratios and oceanic concentrations of less than 1 %. The accuracy of the interpolation is limited by the sparse data coverage and the regression technique used. Seasonal and spatial accuracy could be improved if a larger dataset was available. Thus we recommend more measurements, especially in the ocean, as well as a refinement of process understanding. The temporal variability of the SST is considered in the concentration gradient, used in the sea-to-air flux calculation, by computing a new equilibrium concentration for every 6 h time step from 1989 to 2011.
Annual and seasonal variability
The inter-annual variability of the global sea-to-air flux from 1989 to 2011 is small and generally less than 5 % (Fig. 7) . The halocarbons all show a positive trend towards 2011. Within a year, the global flux varies monthly for every halogenated compound (Fig. 8) . The maximum global sea-to-air flux is most pronounced in July for all compounds, while the minimum is reached in March-April for CHBr 3 and CH 3 I and in October for CH 2 Br 2 . The climatological monthly flux and the corresponding minimum and maximum monthly fluxes vary between 9 and 21 %. CH 3 I shows the smallest mean deviation with 9 and 11 % for OLS and RF respectively, whereas the variation for CH 2 Br 2 is between 14 and 17 % and for CHBr 3 between 17 and 21 %. Thus the seasonal variation of the global climatological flux is larger than the inter-annual variation, despite the shifting of the seasons (half a year) between the Northern Hemisphere and Southern Hemisphere. The global climatological fluxes, obtained from the sum of the monthly averages between 1989 and 2011, describe the current best possible estimates of the moderately varying annual and seasonal global emissions. However, the results do not consider a seasonally varying influence of either the water or the air concentration on the emission because the current sparse investigations do not allow a suitable parameterization of the VSLS yet.
Short time variability of fluxes
In situ fluxes from a cruise (TransBrom) between Japan and Australia in October 2009 are compared to the nearest grid points of our climatology (Fig. 9) as an example for the influence of short time variability. The TransBrom data include 105 CHBr 3 and CH 2 Br 2 measurements and 96 CH 3 I measurements, and are included in the climatology. The cruise transited through different biogeochemical regions with varying meteorological conditions influencing We also calculate the sea-to-air fluxes using the nearest temporal and spatial 6-hourly means (highest available resolution) of SST, SLP and U , the monthly mean of the SSS and the climatological oceanic concentration and mixing ratios, and compare them to the measured fluxes (Fig. 9) . The mean deviation between the 6-hourly means and the in situ fluxes for the three compounds is only ∼ 48 % for CHBr 3 , ∼ 15 % for CH 2 Br 2 and 51 % for CH 3 I. These values show the good match between "modelled" and in situ measurements and validate the predictive capability of this approach. The climatological minimum and maximum values of the cruise nearest data points (Fig. 9 , upper panel) reveal how variable the "modelled" fluxes can be at a single location. While most in situ fluxes are included in the 6 h minimum and maximum range from 1989 to 2011, it is also noteworthy that even with this high temporal (6 h) resolution of input parameters, the "modelled" fluxes can neither match the extreme values of the encountered in situ fluxes, nor do they resolve the high variability of the in situ fluxes completely. An additional factor for the under-representation of the extreme in situ values is the mean concentration gradient (1 • × 1 • resolution) in our "model". In the vicinity of source regions, e.g. coast lines, the water concentrations can vary by more than 100 % over short distances (Butler et al., 2006) , which strongly influences the in situ fluxes and is likely not resolved in the model due to poor data coverage.
Summary and conclusion
Global sea-to-air flux climatologies (considering the time span from 1989 to 2011 of the three important short-lived halocarbons, bromoform, dibromomethane and methyl iodide) are calculated based on surface oceanic and atmospheric measurements from the HalOcAt database. The physical and biogeochemical factors of the compounds' distributions in ocean and atmosphere are also considered. Our low bottom-up emission estimates, compared to recent top-down approaches, especially for bromoform, are most likely caused by an under-representation of extreme emissions. Observed high temporal and spatial in situ variances cannot be resolved in the 1 • × 1 • grid climatology. It is still unclear how important extreme events are for the global bromoform budget, but we suggest that small spatial and temporal events of high oceanic bromoform emissions are important for the transport of bromine into the troposphere and lower stratosphere. The monthly variation of the global climatological flux (9-21 %) is contained within our calculations and it is larger than the inter-annual variability, which is generally less than 5 % for all three compounds.
Our global sea-to-air flux estimates can be used as input for different model calculations. The existing uncertainties can be reduced by enlarging of the HalOcAt database with more measurements, especially in ocean waters, common calibration techniques and more basic research into the underlying source and sink processes.
Supplementary material related to this article is available online at: http://www.atmos-chem-phys.net/13/ 8915/2013/acp-13-8915-2013-supplement.zip.
